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The system created at RHIC behaves like perfect 
liquid (2005) How does the system thermalize ? 
 
Is there is a critical point on the QCD phase 
diagram  ? (2019-2021)  
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Viscous hydrodynamics and flow  

Bjoern Schenke  
BNL 

RHIC Scientists Serve Up  "Perfect" Liquid, New 
state of matter more remarkable  
than predicted -raising many new questions 
April 18, 2005 

Assume that a thermal system is created shortly 
 after the collisions that expands hydrodynamically. 
 
To describe the experimental data very small shear 
viscosity to entropy ratio is needed 
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Gale et al,  
PRL 110 (2013)  
012302 



1 10 100 1000
T, K

0

50

100

150

200

Helium 0.1MPa
Nitrogen 10MPa
Water 100MPa

Viscosity bound

4π η
sh

Figure 2: The viscosity-entropy ratio for some common substances: helium, nitrogen and

water. The ratio is always substantially larger than its value in theories with gravity duals,

represented by the horizontal line marked “viscosity bound.”

experimentally whether the shear viscosity of these gases satisfies the conjectured bound.
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dependences assumed for the expanding matter. Our
study reveals that the invariance of v2(pT ) at varying
colliding energies means that the η/s(T ) has a typical
”U” shape with a decreasing behavior from the hadronic
matter and a not too steep rise with temperature in the
QGP.
Transport at fixed η/s - We have developed in the

recent years a Relativistic Boltzmann Transport (RBT)
approach that, instead of focusing on specific microscopic
calculations or modelings for the scattering matrix, fixes
the cross section in order to have the wanted η/s. This is
not the usual approach to transport theory that is gener-
ally employed by starting from cross sections and mean
fields derived in microscopic models. The motivation for
our approach is inspired by the success of the hydrody-
namical approach that has shown the key role played by
the η/s. Therefore on one hand we use the RBT equation
as an approach converging to hydrodynamics for small
scattering relaxation time τ ∼ σρ (small η/s). On the
other hand the RBT equation is naturally valid also at
large η/s or pT >> T (explored in the present work) in
contrast to hydrodynamics, and avoids uncertainties in
the determination of the viscous correction, δf , to the
distribution function f(x, p), that usually becomes quite
large at pT > 1.5GeV [31].
To study the expansion dynamics with a certain

η/s(T ), we determine locally in space and time the
total cross section σtot according to the Chapmann-
Enskog theory. For a pQCD inspired cross section,
dσ/dt ∼ α2

s/(t−m2
D)2, typically used in parton cascade

approaches [8, 10, 32–36], this gives:

η/s =
1

15
⟨p⟩ τη =

1

15

⟨p⟩
g(a)σtotρ

, (1)

where a = mD/2T , with mD being the screening mass
regulating the angular dependence of the cross section
σtot, while g(a) is the proper function accounting for the
pertinent relaxation time τ−1

η = g(a)σtotρ associated to
the shear transport coefficient and given by:

g(a) =
1

50

∫

dyy6
[

(y2+
1

3
)K3(2y)−yK2(2y)

]

h

(
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)

,(2)

with Kn-s being the Bessel functions and the function
h is relating the transport cross section to the total one
σtr(s) = σtot h(m2

D/s) and h(ζ) = 4ζ(1+ζ)
[

(2ζ+1)ln(1+
1/ζ)− 2

]

.
The maximum value of g, namely g(mD → ∞) = 2/3,

is reached for isotropic cross section and Eq.(1) reduces
to the relaxation time approximation with τ−1

η = τ−1

tr =
σtrρ. We have shown in Ref. [37] that Eq.(1) correctly
describes the η/s of the system in the range of interest
and it is in good agreement with the Green-Kubo for-
mula. We notice that in the regime where viscous hydro-
dynamics applies the specific microscopic details of the
cross section are irrelevant, and ours is the only effective
way to employ transport theory to simulate a fluid at a
given η/s.

We solve the RBT equation with the constraint that
η/s(T ) is fixed during the dynamics of the collisions in a
way similar to [38], but with an exact local implementa-
tion as described in detail in [8]. From Eq.(1) the cross
section σtot(ρ, T ) determining the wanted value η/s is
given by:

σtot =
1

5

T

g(T/mD)ρ

1

η/s
(3)
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FIG. 1: Different temperature dependent parametrizations for
η/s. The orange area takes into account the quasi-particle
model predictions for η/s [39]. The different lines indicate
different T dependencies assumed in the simulation of heavy-
ion collision. Symbols are as in the legend. See the text for
more details.

In our calculation the initial condition is longitudi-
nal boost invariant flow, but the dynamical evolution is
3D+1. For studying v2 this approximation is adequate,
although for other collective flow phenomena, like rota-
tion or turbulence [40, 41] more realistic initial conditions
would be necessary. The initial dN/dη have been chosen
in order to reproduce the final dNch/dη(b) at mid rapid-
ity as observed in the experiments at RHIC and LHC
energies [27, 42]. The partons are initially distributed
according to the Glauber model in coordinate space. In
the momentum space the distribution is thermal up to
pT = 2GeV and at larger pT we include the spectrum
of non-quenched minijets according to standard NLO-
pQCD calculations. In order to fix the maximum tem-
perature in the center of the fireball, Tm0, we assume
that it scales with the collision energy according to the
relation

1

τAT

dNch

dη
∝ T 3 , (4)

and for the initial time, τ0, we ensure that it satisfies the
uncertainty relation between the initial average thermal
energy and the initial time by Tm0τ0 ≈ 1. Combining
these two relations one has

T (
√
s1)

T (
√
s2)

=

√

dNch/dη(
√
s1)

dNch/dη(
√
s2)

(5)

How small  is the shear viscosity ?  

Validity of the hydrodynamics is governed by η/s 
Hadron gas and QGP at very high temperature have large value η/s  
 
Super-symmetric gauge theories at strong coupling  have small η/s with lower bound 
dictated by quantum mechanics η/s>1/(4 π) (Kovtun, Son Starinets 2005) 
⇒ QGP near the transition temperature Tc has close to minimal η/s  
 

Kovtun, Son Starinets, 2005 Csernai et al, 2013 
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Initial time dynamics and thermalization in heavy ion collisions   
Classical-statistical calculations of gluon distribution at early times (large gluon 
occupation numbers)   

Early time dynamics is important event-by-event fluctuations in AA, and high 
multiplicity pA and AA collisions 

Berges Schenke, Schlichting, Venugopalan, Nucl. Phys. A 931 (2014) 348  

The gluon occupation number decreases at later times reaching O(1), the system becomes 
quantum and strongly coupled  
                                                                   quantum simulations are needed 
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Strongly coupled QGP and heavy quarks  

⇒ Langevin dynamics: 
 

Heavy quarks ( Mc ~ 1.5 GeV ) flow in the strongly coupled QGP 

Analogy from Jamie Nagle 
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Finite Temperature QCD and its Lattice Formulation  

Lattice  

integral with very large dimensions   

Monte-Carlo Methods 

sign problem Taylor expansion 
for not too large µ 

cost ~ 1/a7 

p(T, µ)

T 4
=

1X

n=1

1

(2n)!
�2n(T )µ

2n
Calculable in LQCD but the computational  
difficulty increases with n ! 
(noise problem vs. sign problem) 
Current calculations exist only to n=3. 

 (x)
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Thermodynamics at non-zero net baryon density    
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6th order Taylor expansion, Bazavov et al, PRD 95 (2017) 054504 

Truncation errors of the 6th order Taylor expansions are small for µB/T<2.5 
 
Critical point is strongly disfavored for µB/T<2.0 7 



Correlation functions and transport coeffocients  

Due to analytic continuation  )(),( ττ iDTG −= >

Transport coefficients are encoded in the spectral functions: 

In LQCD one can calculated the Euclidean time  
  

Challenge: resolve a potentially narrow 
transport peak at zero energy 
 
with temporal extent in Euclidean time 
that is limited by 1/T 
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Introduction Lattice Setup Results Discussion

Was it of any help?
• Non-perturbative results different from PT.
• However, no thermal quarks in the calculation
• Expect scaling with full QCD as function of T/Tc?
• Values in the right ballpark to explain v2 results from PHENIX in

the Langevin formulation
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Heavy quark diffusion constant from  quenched LQCD  
Direct method: determine the width of the transport peak,  
Ding et al, arXiv:1204:4954, quenched 1283×Nτ  lattices, Nτ=24-48 
 
Integrate out the heavy quark fields: < Ji(τ) Ji(0) > => <Ei

a(τ) Ei
a (0)> 

Banarjee et al, arXiv:1109.5738,   Kaczmarek et al, arXiv:1109:3941,  Nτ=16-24 
 
                    Lattice find values of D consistent with experiment and sQGP scenario  

the width of  
the transport peak is 
potentially  
overestimated  
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Summary 

•  The are compelling questions in hot QCD that require quantum 
computations: 
 
1)  What is the QCD phase diagram at high baryon density ? Is there critical point ? 
2)  How does thermalization in ultra-relativistic heavy ion collisions happen ? 
3)  What are the QCD transport coefficients ? 
 
•  Quantum simulations using optical lattices might provide an avenue addressing  
these questions but many open challenges remain 
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